Introduction
Clay-bearing rocks are the most common type of rocks which have covered land surface (about one-third of the total land surface) [1] . So, most of engineering projects have to be in relation with these rocks. Decay of clay-bearing rocks can greatly affect the engineering properties of clay-bearing rocks within engineering timescales, and may include rapid change in durability and strengths from rock-like properties to soil-like in slaking states. The better possibilities to determine future behavior of rock may allow for more projects hazard analysis and narrowing the gap between rock engineering and civil engineering.
Because of clay-bearing durability importance, many researchers have focused on degradation behavior of these rocks [1] [2] [3] . Determination of clay bearing rocks decay for earthwork construction is typically based on its slaking durability. Three of the more popular slaking tests are the jar slake test [4] , slake index test [5] , and slake durability test [6] . A major focus was on determining the applicability of the slake durability test. The slake durability test is used widely for evaluation of slaking behavior of rocks as a result of wettingdrying processes [7] [8] [9] [10] [11] [12] [13] . However, due to mechanical breaks occurring during the test, immersion of samples in water for only 10 min and the assumption that fragments larger than 2 mm are durable, the slake durability test has some limitations [14] . Many researchers have tried to overcome these limitations. For improving time limitation Taylor [14] and Gokceoglu et al. [9] suggested that a 3 and 4 cycle test is more reliable test that 2 cycle test to determine durability. A valuable work was done by Erguler and Shakoor [15] to overcome the problem with standard test mesh size (2 mm). They have proposed a new parameter called "disintegration ratio" based on grain size distribution curve of slaked material. A comprehensive work which considers all of standard test limitations was neglected up to now. In the recent decade, many researchers have focused on improving rock durability assessment methods. Gautam and Shahkoor [16] have evaluated slaking behavior of clay-bearing rocks during a one-year exposure to natural climatic conditions. In other work, they [17] have compared the laboratory slaking behavior of common clay-bearing rocks in five cycles to their slaking behavior under natural climatic conditions during a 1-year. They founded that standard laboratory slaking durability test (Id2) underestimates the field durability of clay-bearing rocks. Ricon et al. [18] believed that laboratory test on fresh sample overestimate durability behavior of clay-bearing rocks and used microtremor H/V spectral ratio and image entropy techniques to quantify the insitue degrees of disintegration. Heidari et al. [19] have assessed suitability of the static and dynamic standard slaking tests for using durability assessment of clay-bearing rocks. Their results showed that the materials retained in the 2 mm mesh drum consists of disintegrated particles varying in diameter and they proposed a sieve analysis of the materials retained. To better measurement of durability behavior. Nadesha et al. [20] evaluates chemical, mineralogical and textural properties of Kope mudstones to determine why it is less durable. They have found that fabric types have considerable effect on the mudstone durability.
The basic idea behind this research is answering the question that how reliable assessment of clay bearing rocks durability will be done. Therefore, this paper presents an experimental investigation on data from a series of modified slake durability tests which considering the effects of test duration time and disintegrated fragments size. From these data, a new durability index called the Decay Index (DI) was developed. This index represents the rate of deterioration of clay bearing rocks. The main aim of the present study was to compare between the Id 2 and DI in predicting of the slaking behavior of clay-bearing rocks.
Selection of samples and testing procedures
Many block samples from 20 different clay-bearing rock types were collected from across the Iran (Fig. 1) . Then 300 specimens (cores and rock lumps) were prepared from them for performing physical and mechanical tests. The samples had been stored in plastic buckets covered with airtight lids to preserve natural moisture content and to prevent any deterioration due to atmospheric exposure. The rock code, description, lithology, geologic name, geologic age, and site description of each rock type are listed in Table 1 . Tests on the samples were performed at the Rock Mechanics Laboratory of the Engineering Geology Department of Bu-Ali Sina University in Hamedan, Iran. The following physical and mechanical properties of rock samples were measured in accordance with the standard procedures of the [21] : dry density, porosity, water absorption and second slake durability index. For measuring Atterberg limits (liquid limit and plastic limit), rock samples were disaggregated by soaking in water for 14 days and then pieces of material remaining were gently broken down with a pestle and mortar. The disaggregated material was sieved through a British Standard 0.425 mm sieve, the material passing being used to determine the plastic and liquid limits. Point-load index tests were performed following the recommendations of ISRM [22] . Carbonate percentages of the samples were determined by calcimetery test. The test procedure was applied according to ASTM C97-02 [23] . The slake durability test was carried out in accordance with ASTM method D-4644 [21] . This procedure is repeated, and the Id2 is computed as the ratio of the dry weight remaining in the drum to the initial dry weight, expressed as a percentage. The slaking behavior of clay-bearing rocks cannot be described adequately using a single aperture, such as the 2-mm mesh drum used in the standardized slake durability index test. Therefore, the fragment size distribution approach was used in this study to better define the slaking characteristics of the rocks tested. In order to minimize this limitation, the durability test was conducted using a set of nested stainless steel drums of diameters 140, 180, 250, and 300 mm, constructed of woven-wire cloth of 25.4, 12.7, 6.35, and 2.0 mm mesh (innermost to outermost). Each cylindrical drum is 100 mm long. The main feature of the trough and drum assembly is illustrated in Fig. 2 . The two end plates are rigid, with one being removable. Because the exterior of the meshes and the interior of the drums cannot be obstructed by supports, the strength of the assembly is provided by a trough that supports the drums horizontally, enabling the drums to rotate freely about a common axle and ensuring that the shape of the drums is retained during use. The trough can be filled with water to a level of 170 mm below the axle, with a minimum clearance of 20 mm between the trough and the bottom of the last mesh. The drums are rotated by a motor capable of maintaining a speed of 20 rpm for a period of 10 minutes. A digital timer automatically stops the motor after a preset time. Rotation of the drums sieves the rock lumps, separating them into size fractions: oversized grains are trapped above the drum screens, while undersized grains pass through the screens. Following the rotation period, the drums are extracted from the trough and the drum lids are removed. The retained rock samples are then dried to a constant weight at 105°C and weighed, and the weight of the retained pieces is recorded. The percentage retained is calculated for each drum by dividing the dry weight retained in each drum by the weight of the original dry samples. This separation of the samples into size fractions enables particle size distributions to be determined. After wetting-drying cycle, the degree of disintegration is indicated by the distribution of grain sizes. Slake-durability testing procedures were investigated and compared, using the procedure described above with certain modifications regarding the time interval (The samples were rotated in the wire drum for 10, 30, 60, and 120 min, respectively). 
Results and discussion

Index properties
For the purpose of better understanding the effect of physical and mechanical and chemical properties on disintegration characteristics, some of these properties were determined for all rock samples. The tests results are summarized in Table 2 . The calcium carbonate content ranges from 27% to .65 %. High values of index durability from rock samples such as P-3 usually correspond to calcareous rocks with high carbonate content. The rock material had low to high plasticity. The liquid limit, ranged from about 9% to 49.2% and the plastic index ranged from 2 to 27.35%. The sample numbers P-1, P-2, P-3, P-4, G-2, Ag-6, Ag-10 and Ag-11 have lower porosity (n < 8.32%) and lower water absorption (IV < 9.1). The density of rock samples varies from 1.98 g/cm 3 to 2.67 g/cm 3 . Among the studied samples, Ag-5 sample has the lowest mean value of dry density and the highest mean porosity about 1.98 g/cm 3 and 28.67%, respectively. High porosity and high clay minerals content of Ag-5 leads to the lowest point load strength and slake durability index for this samples. In contrast, Sample P-3 with the lowest water absorption index shows the highest point load strength and slake durability index. A close inspection of Table 2 indicates that with increasing porosity, water absorption index, and clay minerals content both point load strength and slake durability index increased. Also, it can be concluded that between these physico-mechanical and chemical characteristics is a reliable relationship.
The standard Id 2 value ranges from 61.88% to 99.35% of the original dried weight. According gamble's classification (Table 2 ) rock samples can be divided into four distinctive groups designated as very high, high, medium-high and medium durability. Regardless of the rock types, the Table 2 indicates that most of the samples can be classified as highly durable rocks. The slake durability test results show that the rock samples disintegrated into fragments of varying sizes after each time cycle and a great number of which did not pass through the 2 mm mesh of the drum. This was already introduced by Erguler and Shakoor [15] . A similar behavior has been seen in the nature for degradation pattern of these rocks (Fig. 3) . Clay-bearing rocks are quickly deteriorated to fragments which are mostly larger than 2 mm when they expose under natural atmospheric conditions. Sensitivity to atmospheric exposure and low durability of them lead to have hilly morphology and mostly for achievement of sound clay-bearing sample removing more than 50 cm overburden is necessary. That is the main disadvantage of durability assessing by slake durability test with just 2 mm mesh.
Moon and Beattie [7] , Erguler [24] , and Erguler and Ulusay [13] also showed that rock materials break into fragments of varying sizes during the second cycle of the slake durability test, and that the fragments are much larger than the mesh of the drum (2 mm). The large fragments that are retained in the drum are therefore classified as durable materials. The slake durability test which was proposed by Franklin and Chandra [6] does not offer an acceptable measure of the durability of clay-bearing rocks. The standard test requires grain size analysis, which is a laborious procedure requiring a set of sieves, to describe the disintegration characteristics of the rocks after each time cycle. The authors have considered that durability assessment by using a set of nested drums with mesh sizes of 25.4, 12.7, 6.35, and 2.0 mm provides a better indicator of the slake durability of rock samples. The modified test is an application of the method already introduced by Erguler and Shakoor [15] , who suggested that the DR should be used to define the grain size distributions, as follows:
Where AC is the area under the distribution curve for any fragment size and AT is the total area encompassing the range of fragment size distributions. By calculating the area under the distribution curve for any grain size (AC) and the total area encompassing all grain size distribution curves (AT) of the tested samples, the DR was determined after the second of wetting-drying cycles with 10 minutes rotation. The index ranges from 0 to 1, which low values indicating less durable rock and high values indicating high durability. Table 2 presents the DR 2 data for all rock samples. The value of DR after second cycle varies from 0.48 to 0.99. As seen in Table 2 , some of the clay-bearing rocks experience significant disintegration after second wetting-drying cycles. This type of breakdown has been referred to as body slaking. Table 2 shows that the samples of, S-2, S-3, P-2, G-1, Ag-1, Ag-3, Ag-6, Ag-7 and Ag-8 (DR 2 < 0.85), were moderately and Ag-2 and Ag-5 (DR 2 < 0.50) were hardly disintegrated in the slake durability test while some portions of the samples were retained within the 2 mm drum after the second wetting-drying cycle. Comparing the results of Id 2 and DR 2 for the studied rocks indicated that second cycle slake durability test overestimates the durability behavior of these rocks especially for samples S-2, S-3, G-1, Ag-1 to Ag-3, Ag-5, Ag-6, Ag-8, and Ag-9. 
Decay Index (DI)
The first step in proposing a quantitative index is to determine the parameters of clay-bearing rocks relating to slake durability. From an engineering geological standpoint, indices based on key properties generally have more applicability and are also usually much simpler and less time-consuming to measure. Therefore, here we develop a quantitative index using combinations of the Area Ratio (AR) and water absorption (IV). AR is the rate of deterioration for each sample, as reflected in the area under the DR -time curve that is used as the basis for developing a new reliable durability index (Fig. 4) . It is specifically observed that sample numbers P-3, G-2, Ag-6, Ag-7 and Ag-10 with a high percentage of material retained in the 10-minute cycle show a lower loss of mass during the subsequent cycle times. These samples appear to be hard and more durable. Conversely, the rock samples (S-3, P-2, G-1, Ag-1, Ag-2, Ag-3, Ag-4, Ag-5, Ag-8 and Ag-9) that have a low percentage of material retained in the 10-minute cycle show a greater loss of mass during the subsequent cycle times. This behavior tends to correspond to the softer, less durable samples. Although the DR corresponding to the 10-minute cycle appears to give an indication of the durability but the difficulty arises due to the dependency of the simulated weathering process on the exposure time of the weak rock to environmental factors.
The concern for the conventional test is whether or not the 10-minute cycle is representative of the time that weak rocks are exposed to the weathering process in field. In this study, the durability test was modified by using only one wetting and drying cycle. The samples were rotated in the wire drum for 10, 30, 60, and 120 min, respectively. Thus, these modified slake durability indices (Id time and DR time ) values for a given time cycles were calculated. Indices obtained from slake durability tests in interval time (DR time and Id time ) are summarized and compared in Table 3 .
Test results show that generally, all of clay-bearing rocks exhibit a wide variation in their DR time values. DR time decreases with the increasing cycle duration. For better description of rock samples durability, DR time values were determined at interval times of 10, 30, 60 and 120 minutes and plotted versus the interval time. The area under curve (AR) was calculated by joining the plotted points into a polygon figure (Fig. 4b) . The area under this curve shows the amount and rate of deterioration potential for each rock sample from its initial state. The AR ranges from 0 to 120. Highly durable rock has a greater AR in such a plot (e.g. rock sample number "P-3" with DR 10 = DR 30 = DR 60 = 0.99 and DR 120 = 0.98, has AR of 118.86) than less durable rock (e.g. rock sample number "Ag-5" with DR 10 = 0.81, DR 30 = 0.50, DR 60 = 0.05 and DR 120 = 0.0, has AR of 31.9). Low values indicating less durable and faster rates of deterioration and high values indicating relatively higher durability and slower rates of deterioration. Calculated AR for all samples are summarized and compared in Table 4 .
Besides, it is well known that for clay-bearing rocks physico-chemical and mechanical effects of rock-water interaction are important causes for deformation and deterioration of rocks. The water absorption values varied significantly among rock samples and increases with increasing the number of microcracks and porosity increases. Clay mineral percentage and clay mineral types presented in rock is one of the most important parameters affecting water absorption performances. These observations are consistent with the results of Irfan and Dearman [25] . Water absorption index has both direct and indirect effects on most of the physical properties of clay bearing rocks and is, therefore, considered the most important clay bearing rock parameter [26] [27] [28] . The calculated values of water absorption of the studied rocks are reported in Table 2 . The water absorption value for the rock samples varies from 3.11 to 29 for samples P-3 and Ag-5, respectively. Water absorption index is considered to be the best parameter for representation of changes in durability behavior. Therefore, a quantitative index was developed by combining AR and water absorption. To fully describe the slake-durability characteristics of a clay-bearing rock samples, the proposed index was defined as:
In which, DI is decay index, AR: area under the DR time -time curve and IV is water absorption percent value. By using durability decay index, slake durability of rock samples was better distinguishable. Highly durable rock has a greater area under the curve (DR time * minutes) but conversely as can be seen from Table 2 with one exception (sample number P-2) the rocks with low durability tend to have high water absorption values. In other words, high water absorption values indicate less durable rock materials. The rock samples were ranked according to descending values of decay indices. From Table 4 , it can be seen that the rock samples in this study have wide range of DI values. In other words, the DI can be used successfully to distinguish between different durability behaviors. In order to better describe the durability
behavior of clay-bearing rocks a classification system based on DI was proposed. As is shown in Table 5 , the new durability classification has five categories for durability including very low (DI = 0-100), low (DI = 100-500, moderately (DI = 500-1500), high (DI = 1500-3000), and very high (DI > 3000). The decay indices of the samples tested vary from 114 to 3822. From Table 4 , it can be seen that very low durability was not found among the studied rocks. 40% of the samples have low durability. These samples water absorption index was ranged from 17.3-28 %. 30% of the studied rocks have moderate durability and their water absorption index was around 7.7-13.9%. High durability rock portion was measured about 20 % with water absorption index around 7.04-3.76 %. Only 5 % of the samples remained virtually slightly changed and lays in very high durability category with water absorption less than 3.11 % (sample p-3). A qualitative comparison of the results obtained from the decay indices and indices obtained from Franklin and Chandra [6] , Morgenstern and Eigenbrod [29] , Gamble [30] and Dick et al [2] classifications show some apparent discrepancies in slake-durability characteristics (Table 6 ). Above durability classifications indicate that all of samples identified as medium to very high slake-durability. In contrast, the decay index provides a wider range of slake-durability values and shows that approximately 40% of samples have low durability. A close inspection of Table 6 shows that in some samples such as P-1, all of the classifications have relatively the same results. This state can be achieved when the materials retained in the 2 mm mesh drum be relatively sound. In contrast, in most cases (e.g. G-2) difference of rock durability based on the classifications is highlighted. This difference shows that the materials retained in the 2 mm mesh drum consists of disintegrated particles. The same result in durability assessment was achieved by Erguler and Shakoor [15] between disintegration ratio (DR) and durability index (Id). The classification that considers grain size distribution (bigger than 2 mm) of slaked material, can truly evaluates durability behavior. The mentioned researcher's classifications did not appear to provide clear distinctions among the slake-durability characteristics of rock samples and may in certain cases provide misleading results. Decay index generally yielded results that better distinguished among the samples. Beside considering grain size distribution and better assessment of durability, the new method has other advantage. As mentioned age, standard test is two cycles durability test with 10 minutes' drum rotation for each cycle. By considering drying time, this method needs about two days' time. Instance, in the proposed method drums were rotated up to 120 minutes' and by considering drying time, the test will be done in a day. 
Relationship between decay index and some physical properties
In this study, a series of statistical analyses were carried out on data from the studied rocks to derive some equations to be used for predicting the durability of these rocks. Regression analyses were also performed to correlate the decay index (DI) values (dependent variable) with different physico-mechanical properties (independent variables) given in Table 2 . The purpose was to evaluate that which physico-mechanical properties of clay-bearing rocks influence their disintegration behavior. In the analyses, among the four tested functions (linear, power, non-linear, and exponential), the fitting of power and linear relations to the experimental data yielded higher correlations than those obtained from other relations. Therefore, only power and linear correlations are considered herein. The relationships between the relevant rock properties and decay index are given in Fig. 5 . The statistical analyses (Table 7) indicated that water absorption, point load strength and porosity show good correlations with DI and will be used as indicator of disintegration behavior of the clay-bearing rocks.
Conclusions
The primary purpose of this research is to establish practical and simple index that can be used for the better assessment of clay bearing rock slake durability. The results of this study are obtained from of clay-bearing rocks from Iran. Here, quantitative index was used to assess the changes in the slake durability of clay-bearing rocks. The major conclusions of this study are summarized as follows:
• Decay Index, as defined in this research, can be used to describe the slake durability of clay-bearing rocks. The most limitations of the standard test including immersion of samples in water for only 10 min and assumption fragments larger than 2 mm as durable materials, were eliminated by the new DI test method.
• According to the results obtained by this study, a new durability classification of clay-bearing rock was proposed in five categories based on DI. The categories of this classification included very high durable (DI > 3000), high durable (DI between 3000-1500), moderately durable (DI between 1500-500), low durable (DI between 500-100), and very low durable (DI < 100). show discrepancy in evaluation of slake-durability characteristics. Base on the classic durability classification, all of the samples identified as medium to very high slake-durability. In contrast, the decay index provides a wide range of slake-durability values and show that approximately 40% of samples have low durability. • Percent water absorption was found as the most important parameter which affects durability behavior of clay-bearing rocks. The obtained equation between this parameter and decay index will be used for prediction of DI.
